R ecessive mutations in the ion channel-encoding KCNQ1 gene may cause Jervell and Lange-Nielsen syndrome (JLNS), a fatal cardiac disease leading to arrhythmia and sudden cardiac death in young patients. Mutations in KCNQ1 may also cause a milder and dominantly inherited form of the disease, long QT syndrome 1 (LQT1). However, why some mutations cause LQT1 and others cause JLNS can often not be understood a priori. In a recent study, 1 we have generated human induced pluripotent stem cell (hiPSC) models of JLNS. Our work mechanistically revealed how distinct classes of JLNS-causing genetic lesions, namely, missense and splice-site mutations, may promote the typical severe features of the disease at the cellular level. Interestingly, the JLNS models also displayed highly sensitive responses to pro-arrhythmic stresses. We hence propose JLNS hiPSCs as a powerful system for evaluating both phenotype-correcting as well as cardiotoxicity-causing drug effects.
Potassium ion influx plays a key role in repolarizing the cardiomyocyte outer membrane during action potential generation. Mutations in genes encoding the major potassium ion channels mediating this event, KCNQ1 and HERG, therefore account for »90% of cases of inherited long QT syndrome. 2 The latter term is based on the defining diagnostic feature of the disease, a prolongation of the QT interval in a patient's electrocardiogram. As a consequence of defective ventricular repolarization, the T wave signal is shifted toward a later time-point (frequency-corrected QT interval 440 ms). Hence, LQT patients frequently display a high incidence of cardiac events including ventricular fibrillation, syncope, or lifethreatening torsade de pointes (TdP) tachycardia. The two potassium channels encoded by the above-mentioned genes, KvLQT1 and hERG, serve similar functions and conduct the slow and fast delayed rectifier potassium currents I Ks and I Kr , respectively. Nonetheless, their physiological roles appear to be somewhat different. While hERG is strictly required under resting conditions, KvLQT1 (encoded by KCNQ1) becomes rapidly activated under physical exercise and other adrenergic stress conditions-when there is a need for accelerated repolarization at concomitantly increased heart beat rates. Consequently, LQT1 patients with dominant mutations in KCNQ1 are at high risk for cardiac events under catecholaminergic stress conditions and hence, these individuals are frequently treated with betablockers. 3 JLNS patients with recessive KCNQ1 mutations, however, display particularly severe cardiac symptoms as well as inner ear deafness, and cannot be sufficiently protected by beta-blocker therapy. 4 Alternative therapeutic strategies to treat JLNS are therefore required.
Predicting the severity of the consequences of a given KCNQ1 mutation and its mechanism of action a priori, however, is not a trivial task. This is because KvLQT1 is a multimeric channel and mutations in KCNQ1 may compromise function at different levels, i.e. affect channel trafficking through the ER/Golgi apparatus, interfere with tetrameric channel assembly, impact channel functionality, or affect a combination of these mechanisms. Insights in this context may be obtained from studying the disease at the cellular level, in a human cardiac context. Patient-specific hiPSC models, from which cardiomyocytes harbouring a given Keywords: cardiac differentiation, disease modeling, drug testing, human iPS cells; Jervell and Lange-Nielsen syndrome mutation can be derived, have proven to be a powerful system for studying various variants of cardiac channelopathies. 5 In this regard, Moretti et al. 6 as well as Egashira et al. 7 previously investigated disease mechanisms underlying the dominant LQT1 syndrome, using patient-derived hiPSCs with heterozygous point mutations in KCNQ1. Both groups found that the point mutations were causing defects in channel biogenesis, i.e., retention of KvLQT1 in the ER/Golgi apparatus. In heterozygous hiPSC-derived cardiomyocytes, however, wild-type subunits of the channel would also be affected by this trafficking defect if the mutant proteins maintain the capability of co-assembling. In this way, a point mutation on just one allele may compromise overall channel function-i.e. the amount of KvLQT1 reaching the outer membrane in these cases-by more than 50% and consequently exert a dominant negative effect. 6, 7 How, then, does this compare to JLNS-causing mutations that tend to evoke recessive symptoms?
We sought to address this question by selecting 2 representative types of JLNScausing mutations-a missense mutation 8 and a newly identified putative splice-site mutation. Using a combination of approaches, hiPSC derivation from patient biopsies and genetic engineering, we thus generated 2 sets of cell lines. These collections comprised heterozygous and homozygous hiPSCs with the missense mutation plus wild-type control, as well as heterozygous and homozygous hiPSCs with the putative splice mutation plus wild-type control. All hiPSC lines showed typical features of pluripotency and could readily be differentiated into cardiomyocytes. Because the serverity of cardiac phenotypes could potentially be influenced by the expression levels of ion channels in the differentiated progeny, we carefully assessed the kinetics of ion channel induction. Both the HERG and KCNQ1 genes became induced to rather stable expression levels over a time-period of »3-4 weeks after the induction of differentiation (Fig. 1A) . These induction kinetics highlighted the need for longer term culture-induced maturation 9 of the hiPSC-derived cardiomyocytes (CMs) although the spontaneous contractions actually tended to commence much earlier, already after »1 week of differentiation. Such early-stage hiPSC-CMs, however, may be unsuitable for phenotype analysis since KvLQT1 is undetectable by pharmacological assays at this stage. 10 In contrast, later stage hiPSC-CMs express both HERG and KCNQ1 at physiological levels. 1 This was also demonstrated using hiPSC-CM analysis on multielectrode arrays (MEAs) as the T wave-like signals could be shifted after blocking the 2 potassium channels (Fig. 1B) .
Moreover, there is a peculiar phenomenon concerning the allele-specific expression of KCNQ1: This is an imprinted gene and, accordingly, it is expressed from only one allele in the early embryo. Later in development, however, in the mouse heart, KCNQ1 expression becomes biallelic. 11 Hence, for comparing cardiac phenotypes between heterozygous and homozygous disease hiPSC-CMs, it was important for us to check whether this also holds true for our human in-vitro system. Strikingly, matured hiPSC-CMs indeed showed an epigenetic activation of the second KCNQ1 allele as compared to undifferentiated hiPSCs, similar to the invivo scenario. 1 We have recently made similar observations comparing immature and longer-term cultured CMs derived from human ES cells. 10 These results suggest that KCNQ1 imprinting erasure is a universal feature of human pluripotent stem cell-derived CMs cultured longterm, again highlighting the requirement for in-vitro maturation for functional downstream analyses.
Subsequently, electrophysiological analysis of CMs derived from the different hiPSC lines indeed revealed severe repolarization defects in the JLNS hiPSCCMs. Action potential durations at the single-cell level as well as field potential durations monitoring bulk cultures were strongly prolonged as compared to wildtype hiPSC-CMs. 1 Interestingly, in case of the putative splice mutation, these parameters were entirely unchanged in the heterozygous state, in agreement with the recessive symptoms in JLNS. In comparison, the heterozygous missense hiPSCCMs showed somewhat intermediate phenotypes, clustering in-between the JLNS-CMs and the wild-type controls.
Nonetheless, these observations appeared to be in agreement with the patient data from which these hiPSCs were derived: This individual was originally diagnosed as an LQT1 patient on the basis of a prolonged QT interval. She was, however, asymptomatic, implying that the heterozygous phenotype was mild, like in several other reported cases. 12 How do different classes of JLNS-causing KCNQ1 mutations lead to similarly severe phenotypes at the cellular level? We subsequently addressed this question by investigating the molecular consequences of our 2 mutations. The putative splicesite mutation, disrupting the splice acceptor site of KCNQ1 intron 2, was indeed confirmed to cause the skipping of the downstream exon at the RNA level. This defect also induced a shift of the open reading frame and, consequently, mRNA degradation by the nonsense-mediated decay machinery. 13 As a result, we were unable to detect any functional channel at the protein level, and the disease phenotype could readily be rescued using KCNQ1 transgene delivery (Fig. 1C) . Hence, considering the lack of phenotypes in the corresponding heterozygous hiPSCCMs, the remaining wild-type allele in these cells could apparently fully compensate for the knock-out mutation on the second gene copy. Such allelic compensation is very common for most genes and may seem rather expected at first sight. However, in comparison to the abovementioned paradigms of dominant-negative trafficking mutations in KCNQ1, this finding provided a straightforward-albeit trivial-explanation for our phenotypic observations: The JLNS mutant allele is unable to interfere with the function of the wild-type one in heterozygous hiPSCCMs simply because it gives rise to an unstable message and a nonsense protein.
Despite only being demonstrated for a single case, we think these findings may have universal validity for most-if not all-JLNS-causing frameshift mutations in KCNQ1.
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In contrast, our missense mutation causes an arginine-to-glutamine substitution in the C-terminal intracellular domain of KvLQT1 (R594Q). Cellular analysis revealed a moderate trafficking defect leading to reduced amounts of channel reaching the outer membrane even in heterozygous hiPSC-CMs. This observation was also confirmed using isolated trafficking assays in a heterologous system. 1 The severe cardiac phenotype seen in homozygous hiPSC-CMs may therefore be a result of an additive, gene dosage-dependent mechanism. Considering the moderateness of the phenotypes in our heterozygous point mutant, we feel inclined to agree with a view by Schwarz et al.:
4 JLNS-causing mutations may in general cause milder phenotypes in heterozygosity as compared to LQT1-causing ones. The fact that they also occur as homozygous mutations-and then cause severe symptoms-may hence reflect that milder or asymptomatic, heterozygous defects in KCNQ1 are more likely to breed to homozygosity in the human population. As cautionary note, the fact that in our cellular system the homozygousmutated genotype showed some residual I Ks current (»20%) would also support the possibility that homozygous patients harbouring the R594Q amino acid exchange could also present with autosomic recessive (AR) LQTS (i.e., without deafness).
The different mechanisms revealed by our investigation may also have consequences for putative therapeutic strategies. For instance, while in case of a missense mutation in KCNQ1, the KvLQT1 channel itself could be considered as a drug target, in case of frameshift mutations it cannot.
14 We therefore challenged our system and asked whether our JLNS hiPSC-CMs could be used to evoke arrhythmia in response to drug-induced or adrenergic stresses, similar to the patient scenario. MEAs, monitoring spontaneous beating behavior of bulk hiPSC-CM cultures, proved to be an ideal system for recording these integrated responses. Indeed, administration of the cardiotoxic compound cisapride caused arrhythmic responses preferably in JLNS-CMs, i.e. at significantly lower dosages than in wildtype or heterozygous hiPSC-CMs (Fig. 2,  top panel) . Recently, we were also able to reproducibly and specifically cause arrhythmia in JLNS-CMs by using physiological adrenergic stress induced using isoprenaline administration. Interestingly, in this case, the cellular responses showed similarity with life-threatening torsade de pointes-like arryhthmia that is commonly associated with LQT syndrome (Fig. 2,  bottom panels) . 15 In an effort to correct these induced-arrhythmia phenotypes in our cellular models, we furthermore considered pharmacological activation of the cooperating potassium channel, hERG. [16] [17] [18] Indeed, the drug-induced arrhythmic responses could be fully blocked using this strategy, although these beneficial effects required high concentrations of the molecule. 1 Therefore, more potent hERG activators will need to be developed to potentially consider applications in JLNS patients. Furthermore, undesired drug-induced cardiotoxicity is a major hurdle in drug development and hiPSC-CMs are emerging as an attractive test system-as an alternative to animal trials. [19] [20] [21] Our preliminary data suggests that JLNS hiPSC-CMs may be a particularly well-suited model in this regard because of their extraordinary sensitivity and propensity to display arrhythmia as an integrated physiological response. 1 
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